The drillhole information from the Lontzen-Poppelsberg site has demonstrated three orebodies and has allowed the estimation of the extension of the lodes, their dip, and the location at the ground surface. The localisation of the lodes makes them excellent targets for further exploration with geophysics. This deposit is classified as a Mississippi Valley Type (MVT) deposit. It consists mainly of Pb-Zn-Fe sulphides that display contrasting values in resistivity, chargeability, density, and magnetic susceptibility, with regards to the sedimentary host rocks. The dipole-dipole direct current (DC) resistivity and induce polarization (IP) profiles have been collected and inverted to successfully delineate the Pb-Zn mineralization and the geological structures. Short-spacing EM34 electromagnetic conductivity data were collected mainly on the top of Poppelsberg East lode and have revealed a conductive body matching with the geologically modelled mineralization. Gravity profiles have been carried out perpendicularly to the lode orientation; they show a strong structural anomaly. High resolution ground magnetic data were collected over the study area, but they showed no anomaly over the ore deposits. The geophysical inversion results are complementary to the model based on drill information, and allow us to refine the delineation of the mineralization. The identification of the geophysical signatures of this deposit permits targeting new possible mineralization in the area.
Introduction
Mississippi Valley Type ore deposits (MVT) are epigenetic ore deposits that are precipitated from dense brines at temperature between 75 and 200 • C. MVT deposits are typically located in platform carbonate sequences, commonly in foreland thrust belt, and they lack genetic affinities to igneous activity [1] . They can be found on the five continents, but the largest and most widely studied deposits occur in North America [2] . MVT deposits represent 24% of the global resources for Pb and Zn and 38% of the global tonnage for sedimentary-hosted deposits (MVT and sedimentary exhalative sandstone Pb) [2] . The Zn mining production was estimated at 11.9 Mt in 2016 and the world reserves have been estimated to be 220 Mt [3] . The global production of Zn decreased last year because of the closure of major mines, such as Lisheen (Ireland), Brunswick 12 (Canada), Skorpion mine (Canada), and Century (Australia). These closures reduced the production by 700,000 t of Zn per year, which was around 15% to 20% of the world production [3, 4] . Major companies have not invested in zinc ore deposit exploration and no world class deposits have been found since 1990, excluding the discoveries in geopolitically risky areas, such as South Africa and Iran [4] . In parallel, the world consumption of zinc will increase from 3% to 5% per year until 2025, because of the demand from the BRIC (Brazil, Russia, India, and China) countries. An increasing production of 3-3.5 Mt of zinc metal is expected within the next five years [3, 4] .
The member countries of the European Union are increasingly dependent on metal imports, which has led to a list of critical elements being established [5] . Among this list of 41 mineral/elements are Indium, Gallium, and Germanium, which are typical by-products of Pb-Zn deposits. Many raw material projects have been launched by the European Commission, for example, "ExplOre" [6] , "Mineral4EU" [7] , "Promine" [8] , and "Blue mining" [9] .
In the context of the security of metal supply within the European Union, the identification of new deposits and the characterization of abandoned old deposits is crucial. It is in this context that the present study was conceived. The paper addresses the prospecting of Pb-Zn deposits in a favourable mining region of Eastern Belgium, using geophysical techniques.
In general, four ground-based geophysical methods are used to detect and characterize the MVT deposits, namely: geoelectrical (DC resistivity and IP), gravimetric, electromagnetic, and magnetic methods [10] .
Despite decades of studies, (e.g., [11] [12] [13] [14] [15] ), Pb-Zn ore deposits remain amongst the most difficult to map using geophysical exploratory methods. The mineralogy, texture, and shape of the ore is highly variable from place to place, even within a mining district [1, 16] . This variability results from the wide diversity of geological environments in which Pb-Zn sulphides can precipitate, namely: the filling of faults; filling of karstic pockets/networks, at the stratigraphic contact, in porous limestone/dolostone; or filling of breccias [2, 16] . Those setups are all hosts in which the MVT deposits occur through brine movements within the various zones of preferential flow paths.
For example, in the Pine Point District (Northwest Territories, Canada), the ore deposits can be found as tabular or prismatic in interconnected paleokarst networks [2] , whereas in Robb Lake (British Columbia, Canada), the mineralization is tabular and massive sphalerite-rich at the depth and galena-rich in stockwork texture at the surface [16] . The mineralogy of the Pb-Zn deposit may be very variable with the presence of Pb-Zn sulphides and/or oxides and iron bearing sulphides.
In the Verviers Synclinorium District (Belgium), the deposit of La Calamine was exclusively composed of massive Zn oxides, while the deposit of Plombières located 3 km to the north consists of sphalerite and galena lodes in equal proportions [17] . The variability in ore deposits yields a similar variability in geophysical signature, using ground based geophysical techniques (Figure 1 ). Iron sulphides are good conductors and can help to detect the associated Pb-Zn deposits. They can be abundant in some districts (Nanisivik deposit, Nunavut, and Canada) or they can be inexistent (Daniel's harbour deposit, USA) [16] . [18] ). Geophysical properties are represented by white rectangles.
In the Lennard Shelf ore deposit (Western Australia, Australia), the Pb-Zn mineralization is associated with abundant marcasite haloes generating induced polarization anomalies [19] . For example, the IP survey gives the best results on the Blendevale ore deposit (the biggest deposit of the district) as a result of the large amount of pyrite that is strongly associated with the Pb-Zn sulphides; even if the strongest IP signal does not always correspond to the highest Pb-Zn content [20] . Dissociated iron sulphides from the Pb-Zn sulphides can help to indirectly target a deposit [13] . Gravity was an efficient method to target this deposit, thanks to the strong density contrast between the limestones and the sulphides ore [20] . Geophysics was not used to discover the deposit, but rather to target other deposits in the area [20] .
The Wagon Pass deposit in the Lennard Shelf District is conductive and chargeable because of to the presence of pyrite and marcasite with the sphalerite and galena [21] . In the Pine Point District, the largest majority of the Pb-Zn ore is not a conductive marker because of the poor electrical connectivity of the disseminated sulphides (EM survey unsuccessful), while the IP survey gives the best results, helping to discover numerous new orebodies in the district [13] . Nevertheless, within this district, the Pyramid ore bodies are chargeable and conductive. This can be explained by the high amount of massive marcasite in association with galena and sphalerite that are present in the ore [12] .
The Zn-oxides ore deposit of Beltana (South Australia) is very resistive, chargeable, and easily detectable by gravity survey [22] because of the strong density contrast between the massive ore and the dolostones. In contrast, the Zn deposits may be weakly chargeable, non-conductive, nonmagnetic, and display no significant gravity anomaly because of the low contrast of density, such as in the Century Deposit (Sediment-Hosted type) in Queensland, Australia (Figure 1 ) [18] . In some cases, the gravity survey is unsuccessful because the signal is lost in a complex fractured background as a result of the small size of the deposit [18] or in the presence of sinkholes [13, 18] .
The Pb-Zn deposit of Lontzen is located in the structural entity known as the Verviers Synclinorium in Eastern Belgium (Figure 2 ). This former mining district was the most prolific in Belgium and, until the beginning of the 20th century, it produced the overwhelming majority of the Belgian Pb-Zn concentrates (more than 3.2 Mt) [17, 23] .
The mine ceased its activities in 1934, but some unexploited ore is still present. The mining of the deposit started in 1852, after the discovery of iron gossans at the ground surface and it was closed in 1934 because of the dewatering issue of the galleries, after reaching the depth of −112 m below the surface. Rich Pb-Zn mineralization is still present in the basement [17] . During the 1980s, a drilling campaign was led by the "Syndicat de Moresnet" (S.M.O.R) in order to re-evaluate the mining potential of the area. Several dozen boreholes were drilled in the area of Lontzen-Poppelsberg. We have access to the borehole logs for 62 of them.
In this paper, we analyze the geophysical signature of the Lontzen-Poppelsberg ore deposit using electrical (DC resistivity and time-domain IP), gravity, magnetic, and electromagnetic techniques. Nevertheless, only the Pb-Zn lodes of Poppelsberg East and West are targeted using geophysics, because the deposit of Lontzen is located under the homonym village. Geophysical surveys allowed us to complement the drilling information and to improve the delineation and evaluation of the Pb-Zn deposit. Based on our observations, we propose a 3D model of the mineralized lodes.
The paper is organized as follows: Firstly, we describe the geological context of the area of Lontzen. Then, we give a brief overview of the geophysical techniques that are used to target the deposit, before analyzing the processed results. From these results, we discuss an improved conceptual model. Finally, some conclusions and new perspectives are drawn. [23] ) and their formation process (after [23] [24] [25] [26] [27] [28] [29] ) (bottom).
Geological Context
The Verviers synclinorium consists of a sedimentary bedrock, that aged from between early Devonian to early Carboniferous period, as follows: Famennian shales/sandstones, Tournaisian dolostones, Visean limestones, and Namurian shales. These rocks folded during the Hercynian orogeny, creating NW-SE thrust faults. They were then covered with Cretaceous sediments. The extension of the Rhine graben, from Permian until today, has generated normal faults.
The mineralizing process is similar for all of the MVT deposits of the district of the Verviers synclinorium. The mineralizing fluids, originating from seawater evaporation during the Givetian to the Carboniferous period, percolated down to the Cambro-Silurian basement, causing a dolomitization of the limestones [26] . The mineralized dense brines were then expulsed during the Jurassic period [24, 27, 28] , through normal faults that were generated by the Rhine graben extension [26, 29] . The fluids then precipitated in Pb-Zn sulphides, mainly within the carbonated formations ( Figure 3) as a result of a pump suction mechanism [24] . The Pb-Zn mineralization is mainly composed of sphalerite and galena. Furthermore, calcite, pyrite, marcasite, chalcopyrite, and Zn and Pb oxides are also present [17] . As with many of Belgian MVT ore deposits, the studied deposit is structurally controlled by extensional faults and it is lithologically controlled by the permeability contrast between the shales/sandstones and dolostones/limestones [17, 28] . The only information we have about the mineralogy of the Pb-Zn lode of Poppelsberg is the Zn, Pb, and silver weight content from the core samples analyses and some detailed drilling information regarding the mineralogy of the gangue (calcite, pyrite, and marcasite content). Galena, pyrite, and marcasite are excellent conductive minerals that may help to detect the Zn-bearing minerals [18] , even sometimes indirectly [13] .
From a structural point of view, the study area of Lontzen-Poppelsberg is located at the Northern flank of a syncline, with a Namurian core (Figure 3 ). The study area is crossed by two thrust faults with an orientation of SW-NE, as follows: one in the Northern part that links the Namurian shales anticline to the Visean limestone, and the other in the Southern part that links the Visean limestone to the Famennian sandstones, "skipping" the Tournaisian dolostones.
Four main NNW-SSE normal faults, which are generated by the extension of the Rhine graben, cross the area. The mineralizing fluids come from the basement of the sedimentary basin and migrate via these normal faults, to the surface. Locally, the fluids also migrated to the thrust fault because of a specific reopening. The E-W extensional movement generated local voids where the extensional fault crosses the "old" thrust faults.
Methods

Geophysical Surveys
Electrical Resistivity/Induced Potential
The electrical resistivity tomography (ERT) allowed for the mapping of the distribution of bulk electrical resistivity in the subsurface. The method was based on the measurement of the electric potential distribution (∆V), which resulted from the injection of an electric current (I) in the soil [31, 32] . The measurements were typically carried out with quadrupoles (although other configurations were possible), which consisted of two current electrodes and two potential electrodes. The choice of the geometry of the quadrupole influenced the measures in terms of spatial resolution, depth of investigation, and robustness to the electrical noise, which made the design phase particularly important. Nowadays, hundreds or thousands of data have been acquired and interpreted to build a 2D/3D model of the electrical resistivity distribution of the subsurface [33, 34] . These physical parameters were mainly influenced by the solid matrix features (type, porosity, and texture) and the pore fluids features (water content and salinity).
The method of induced potential (IP)-also called induced polarization-measured the storage of the electrical charges in the ground. It could be acquired during an electrical resistivity tomography (ERT) survey for a limited additional cost. To assess the IP in the time domain, the decrease in potential difference between two electrodes was measured after the injection of the electric current was stopped. The IP acquisition was always combined with resistivity measurements. The measured physical parameter was called chargeability (mV/V) (which could be seen as an electrical capacitance) [35] . Unlike the electrical resistivity signature, very few materials produced a strong IP response. For natural soils, clay (membrane potential) and mineralized rocks (electrode potential) were characterized by a high chargeability. However, limestones and sandstones were characterized by a low chargeability.
For the present survey, we used both the dipole-dipole and the multi-gradient protocols inorder to take advantage of the multi-channel ability of the ABEM ® Terrameter LS. A total of 17 electrical profiles (ERT/IP) were acquired at 45 depth levels, with various configuration (protocol, electrode number and electrode spacing, injection, and measurement time), as follows: For the time-domain IP, an injection time of 1.3 s and an acquisition time of 3.95 s were used for all of the profiles, except for Profiles 3 and 4, where the acquisition and injection times were set to 4 s each. The length variability of the electrical profiles chosen to collect the data at different resolutions.
The ERT data with negative apparent resistivity values or with a coefficient of variation greater than 0.2% were discarded. This figure was the normalized standard deviation of the stacked data, but we only had two stacks by profile for our case study, which is why it was more appropriate to discuss a coefficient of variation. These rejected data represented less than 1% of the total dataset. The IP data were selected individually by evaluating their decay curves, as shown in Figure 4 . Only the data points with decreasing exponential decay curves were kept. The rejected data represents between 10% and 70% of the global IP dataset, depending on the profiles. For this reason, the IP profiles with more than 70% of the deleted data (1, 8, 12, 13, and 17) were not presented because of a lack of data to invert. When the ERT and IP data were acquired from the surface, the sensitivity to electrical resistivity changed in the underground, as it decreased with depth. The depth of investigation (DOI) index [36] estimated the depth below, for which the obtained model was influenced by a reference model rather than the collected data, by inverting the same dataset twice with different reference models (m1r and m2r) (typically 0.1 and 10 times the average soil resistivity). At a shallow depth, the inversion converged at the same resistivity values (m1 and m2), whatever the reference model that was used, and the DOI was almost 0. At a great depth, the inversion results were identical to the reference models, and the DOI equaled 1 [36] .
High reliability was accorded to the areas where the DOI was closed to 0, and a low reliability for the areas where the DOI approached 1 [36] . The DOI was evaluated for each profile, for both ERT and IP, using the approach of Oldenburg and Li [36] , with a threshold of 0.1, to define the depth of the investigation [37, 38] . The depth of investigation was much smaller for the IP dataset than for resistivity, only because of the limited number of available data ( Figure 5 ).
The filtered ERT (98-100% of the initial dataset) and IP (45% to 100% on the initial dataset) data were separately inverted, using the commercial software Res2DInv [39] . The inversion process was based on the minimization of an objective function [40] , using the least-square inversion parameters (L1 norm) [41] . The number of iterations varied from 5 to 8, depending on the profiles, with the root mean square (RMS) reaching 1.5% to 11% (Figures 6 and A1) . The RMS was a measure of the variation between the calculated and the measured apparent resistivity value, by adjusting the resistivity of the model blocks [37] . We chose to stop the iterations for the inversion of resistivity and IP when the RMS error value did not change significantly (<0.5%). The IP models were converted into normalized chargeability (chargeability/resistivity). It allowed for better targeting of the sulphides, as reported by [42] . Based on a DOI threshold equal to 0.1, the inverted resistivity models were constrained by the datasets, up to a depth limit of 50 to 100 m (depending on the profiles) [36, 37] (Figures 6 and 7) .
Except for Profiles 15, 16, and 17, which were partly located in the Tournaisian dolostones, all of the profiles were located in the Famennian sandstones perpendicularly to the modelled Pb-Zn lodes. Figure 4) . The white dashed lines represent the DOI limit corresponding to a value of 0.1. A, B, and C corresponds to the anomalies attributed to Pb-Zn mineralization (geological map modified from Laloux et al. [30] ).
Electromagnetic Survey
The electromagnetic techniques (EM) allowed the detection of conductive objects or bodies, based on the electromagnetic induction principle. In our study, we used the Frequency Domain Electromagnetic method (FDEM), which consisted of emitting an alternating electromagnetic field via the transmitter that generated an eddy current in the subsoil [43, 44] .
The EM survey was carried out using a Geonics EM 34-3, with coaxial and coplanar configurations with 20 m and 40 m spacing between the two coils. The depth of investigation was about 3 ⁄4 of the distance between the coils in the coplanar configuration, while this ratio was 1.5 in the coaxial configuration. The frequency was set depending on coil spacing, as follows: 1.6 KHz for 20 m spacing and 0.4 KHz for 40 m spacing.
Gravity Survey
Gravimetric methods were based on the sensitivity of the gravity field, with respect to the lateral density change of the subsoil. This lateral change could have been linked to geological anomalies, such as magmatic intrusion or ore deposit [45, 46] . A gravity campaign was performed using a Scintrex CG-5 AUTOGRAV gravimeter. Eight gravity profiles, of 300 m to 850 m long, were measured with a gravity station every 20 m, perpendicularly to the Pb-Zn veins, so as to investigate the Poppelsberg East and West lodes.
The gravity data were influenced by several factors, such as the earth tide (corrected using the "Berger" correction [47] ), instrumental drift, latitude, elevation, and topography. These needed to be corrected for in order to reveal the gravity anomaly that resulted from the geological causes. All these corrections, except for terrain (topography), were applied so as to obtain the Bouguer anomaly [46] . The terrain correction was not applied, because the difference in elevation within a gravity profile was too small, being less than 1m inner within a radius of 20 m [46] .
One gravity observation consisted of the integration of over 85 s of measurements that were taken at a rate of 6 Hz. At each station, three observations were taken to limit the possible acquisition errors (soil compaction, drift of the device, and external noise). The final observation was obtained by taking the mean value of the second and third measurements. The first one was systematically discarded so as to mitigate the effect of the relaxation of the spring, which was caused by the transport of the gravimeter. The instrumental drift was estimated by reoccupying the base station every 50 min. The average standard deviation of the measurements were around 3 µGal (1 Gal = 10 −2 m/s 2 ). In addition, a precise levelling of each gravity station was performed with a Leica Differential Global Positioning System. The measured heights had a precision of about 1 cm and were used to correct for the elevation difference, with a constant admittance of −3 µGal/cm (the so-called free air anomaly).
Results
3D Geological Modelling and Mineralization Analysis
A 3D geological model was developed using the data of the 62 drillings (a plan view is provided on Figure 3 ), which had a crosscut Pb-Zn mineralization between 10 m and 290 m deep. The 3D modelling consisted of linking the mineralized areas in the different boreholes; considering the lithological and structural controls; and supposing that the lodes were continuous between the drillings, with a thickness that was equivalent to the thickness of the crossed lodes. No lateral or vertical extrapolation were made, which probably underestimated the volume of the Pb-Zn lodes, as shown when using geophysics.
The 3D model evidenced three non-connected ore bodies, namely, Lontzen, Poppelsberg East, and Poppelsberg West. They presented lode shapes that were located along the extensional faults f2 and f3 (Figure 3) , mainly within breccia. The model helped to delineate the ore deposit between the drillings and gave a better idea about the vertical and lateral extension of the lodes, their dip, and the exact location of the mineralization at the ground surface. This 3D information was useful for designing the geophysical survey targets. Only the Pb-Zn lodes of Poppelsberg East and West were targeted using geophysics, because the deposit of Lontzen was located under the homonym village.
The Poppelsberg East lode (specification in Table 1 ) was estimated as a 635 m long Pb-Zn lode, with an 80-90 • inclination to the East, according to the 3D model. The mineralization of this lode was mainly composed of colloform sphalerite, with galena and pyrite in a thin argileous matrix. Two parallel lodes were present on each side of the Poppelsberg East lode (Figure 3) . The Eastern parallel lode extended for nearly 250 m long, with a dip of 70-90 • to the West. The lode was characterized by a 0.3-3 m thickness and grades from 0.7% to 30% Zn. The ore in this lode was mainly composed of massive pyrite bearing sphalerite and galena. The Poppelsberg West lode (specifications in Table 1 ) was estimated from the drillings of a 625 m long Pb-Zn lode, with a 75 • dip to the West. The ore, which was hosted in Famennian sandstones, was mainly composed of colloform sphalerite, with galena and pyrite in a thin argileous matrix, but oxides were also present. The mineralization that was hosted in the Tournaisian dolostones in the Southern part were mainly composed of sphalerite and galena in calcite lodes (0.5 to 5 min depth).
The sparseness of drillholes along the lodes and the tortuosity of the Pb-Zn lodes in this area, probably caused an underestimation of the real shape and volume of the lodes.
Overall, the mineralization at the site mainly consisted of sulphides, such as galena, sphalerite, pyrite, and marcasite ( [17] and drillings information). These minerals presented petrophysical properties that were very distinct from the sedimentary host rocks ( Table 2 ). The electrical chargeability and resistivity between the sedimentary host rocks and sulphide mineralization were expected to be greatly contrasted (more than 20 ms and 100 Ohm·m respectively) and detectable. According to gravity simulation that was based on the 3D model of the lode extension with Fastgrav software, a difference of density of min 0.3 g/cm 3 was expected between the host rocks and mineralization, which could have led to an anomaly of up to 0.2 mGal. The magnetic susceptibility of the MVT ore deposit was highly dependent of the presence and proportion of the magnetite and pyrrhotite content in the ore. Occurrences of pyrrhotite in trace concentrations were listed in the Verviers Synclinorium [17, 23] . In Lontzen-Poppelsberg, this method was unsuccessful. [11, 14] ; and (6) [13] . 
Electrical Resistivity/IP
The drillings logs were projected perpendicularly onto the ERT profiles from their initial location so as to compare the resistivity images with the projected location and characteristics of the mineralization (Figures 6, 7 and A1) .
The ERT and IP tomography allowed for the detection of the Poppelsberg East ( Figure 6A ,B and Figure 7A ,B) and the Poppelsberg West mineralized zones ( Figures 6C and 7C) . Other low resistivity anomalies were also detected ( Figure 6D,E) .
Note that the distance between the boreholes and the ERT/IP profiles could exceed 35 m, which could have biased the reliability of the borehole information once it was projected on the tomography section. This was indicated by white, grey, and dark rectangles on the projected boreholes. A, B, C, D, and E, in Figure 6 , were areas with low resistivity values (5-80 Ohm·m), which were globally located near the drilling-based Pb-Zn mineralization for most of the profiles. For Profiles 2, 9, 10, and 17, the position of the observed mineralization in the drillholes corresponded to a low resistivity area. The match was not complete for Profiles 15 and 16, probably because of the large distance (35 m) between the drillings and the ERT section. The ERT profiles indicated that the mineralized zone that was cut by drillholes was not strictly linear from one drilling to another. Therefore, they did not perfectly match with the drillings-based Pb-Zn model, especially in the Northern part of Poppelsberg East lode (because of the lack of drilling information in the area and the assumption that was made during modelling).
A, B, and C, in Figure 7 , corresponded to high normalized chargeability areas (value > 0.1 (mV/V)/Ohm·m) and were located in the vicinity of the modelled Pb-Zn lodes. However, they did not systematically correspond to the projected mineralization (white rectangles in Figure 7 ). This could have resulted from several factors, namely, poor projection of the drillholes because of the distance between the profiles and the boreholes (Profile 15), very punctual information, lack of drillhole information (Profiles 5 and 7), or lack of sensitive information at depth (Profile 16) because of the data quality. Note the strong correlation between the low resistivity and high chargeability areas for most of the profiles (Figures 6, 7 and A1) .
The Southern part of the Poppelsberg East lode (Profiles 13 and 14 in Figure 6 ) did not display a significant resistivity anomaly (between 80 and 120 Ohm·m) when compared to the observed values in the other profiles (<80 Ohm·m). This was probably because of the absence of pyrite and marcasite, combined with a narrowing of the Pb-Zn lode, as supported by the drillings.
On Profile 3 (shown in complementary Figure A1 ), a strong chargeability anomaly (50 m from the beginning of the profile) which correlated to a low resistivity area was detected in the near surface (2 m depth) and corresponded to the top of the Poppelsberg East lode. This anomaly, which was confirmed by the auger drillings, revealed conductive clays bearing hematite and goethite nodules with Zn trace (detected by X-ray Diffraction (XRD) analysis). The top of this chargeability anomaly was representative of the alteration of the Pb-Zn sulphide ore [49] .
A large low resistivity values area that corresponded to the trace of Poppelsberg East lode was present on Profile 7 at 375 m along the profile (Figure 6A ), which indicated a depth extension from 10 to 65 m. Three other low resistivity anomalies were observed on this section (Figure 6B-D) .
As seen on profiles 9 to 12, low resistivity and high chargeability values (B anomaly on Figures 6 and 7 ), which were located on the Eastern part seemed to match with the Southern extension of the Poppelsberg East lode, which was located in fault f3. This fault was probably much longer than it was originally drawn on the geological map, as confirmed by the presence of the mineralization of Poppelsberg East on its Southern part, which was hosted in fractured sandstones (drilling information). The Pb-Zn mineralization in Famennian sandstones were mainly the lodes that were located within the extensional faults [17] . The low resistivity and high chargeability values matched with the sulphides area, which were locally present within a small amount of clays. According to the core log information, clays could be found as a weathering product of the Famennian rocks on the top of the bedrock, or locally within breccia in the filling of faults, excluding the presence of argileous pockets at the depth in non-fractured rocks.
Electromagnetic Survey
Because of a large number of anthropogenic structures in the study area, the prospected area had been restricted to the Poppelsberg East lode, the Southern part of the Poppelsberg West lode and the Southern part of the extension of the Poppelsberg East lode. Unfortunately, there were no drillholes available in this area.
An electromagnetic anomaly was detected on the Northern part of the Poppelsberg East lode by the four EM configurations (Figure 8 ), in agreement with the ERT anomalies that were observed on Profiles 2, 5, and 7 ( Figures 6 and 7) . This anomaly covered the main Pb-Zn lode of Poppelsberg East and its parallel Eastern extension. The coaxial configuration, with 20 m spacing, seemed to give the clearest signal ( Figure 8A ). The Poppelsberg West lode was not prospected using the EM technique, because of the presence of the small river flowing on top of the lode and the presence of electric fences along that river.
Gravity Survey
The Bouguer gravity anomaly ( Figure 9 ) displayed a positive trend of 800 to 1400 µGal (1 Gal = 10 −2 m/s 2 ) on 300 m from the West to East, for Profiles 1 to 6 (all located in Famennian sandstones/shales and nearly parallel to the strike of the rock unit), whereas Profiles 7 and 8 did not show the same anomaly. A density of 2.7 was used to compute the Bouguer correction. In comparison, a gravity anomaly of a much larger Pb-Zn ore deposit, such as Pyramid or Polaris in Canada, was estimated from 500 µGal to 1000 µGal [10, 12] . At Pyramid, the massive ore presented a tabular shape located at near surface (<10 m) within a sedimentary host rock composed of shales, sandstones, and dolostones [12] . The Polaris deposit was made up of massive breccia-fill and veins of Pb-Zn ore in a carbonate environment [50] . A Bouguer anomaly map that was obtained by a minimum curvature interpolation (Figure 10) showed that the anomalies were mostly parallel to the fault planes. They clearly started a little bit to the west of the Poppelsberg East lode. A negative anomaly was even observed along the Poppelsberg West lode and between the two lodes ( Figure 10 ). This anomaly could be because of the presence of the faults f2 and the Southern extension f3, which fractured the rocks and thus decreased the average density, despite the presence of Pb-Zn mineralization. The positive gravity anomaly could have also been because of the normal fault system, which had fractured the majority of the area, but not beyond the Poppelsberg East lode. 
Discussion and Implications for the Genesis of the MVT Ore Deposit
A schematic conceptual model based on geological, geophysical and metallogenic information is presented in Figure 11 . Three extensional faults-f2, f3 and f4-can be interpreted from the ERT profiles ( Figure 6 ) based on the geological information and the genesis of the mining district Pb-Zn ore. The vertical displacement of f2 was estimated as 35 m minimum on its Southern part, while this displacement of the f3 faults was estimated as 20 m, according to the information from the drillings crossing perpendicularly the extensional faults.
The contrast between the fractured hanging wall (resistivity <100 Ohm·m and low density) and the non-fractured footwall (resistivity >300 Ohm·m and denser) of the f3 fault was interpreted from the ERT tomography. This could have been the cause of the gravity anomaly, such as it was observed in gravity exploration surveys [51] [52] [53] . The fault f2 was more difficult to interpret on the ERT tomography, but we interpreted its smooth resistivity contrast as a fractured hanging wall with a footwall less resistive than for the f3 fault.
Furthermore, the high offsets of f2 and f3 faults had also reduced the thickness of the Famennian sandstones on the Eastern part of f3 faults, which increased the bulk density of the block, knowing that the Visean limestones (density of 2.68 g/cm 3 ) were located under the Famennian shales/sandstones (density 2.6 g/cm 3 ) [47] . These denser rocks were therefore located closer to the surface and might have also contributed to this positive gravity anomaly. The gravity survey was indeed efficient evidence for graben faulting systems [51] [52] [53] .
The mineralization along the fault f2 (Poppelsberg West) was not clearly visible on the resistivity profile, as opposed on the one along the fault f3 (Poppelsberg East). Anomaly D in Figure 6 had the same low resistivity anomaly as the Northern part of the Poppelsberg East lode, but without being chargeable, it could have corresponded to the track of fault f4. The gravity results cannot be directly linked with the presence of the Pb-Zn mineralization, but with the block faulting system. The small volume of the dense Pb-Zn mineralization (estimated density of 3 g/cm 3 ) was located at the border between the large volume of fractured (density < 2.6 g/cm 3 ) and non-fractured rocks (density 2.6 g/cm 3 ), according to the ERT Profiles 5 to 9 (Figures 6 and 7 and complementary Figure A1 ). The gravity signature of the mineralization was probably hidden by the signal of these large volumes.
The correlation between the electromagnetic and resistivity/IP anomaly in the Northern part of Poppelsberg East lode was probably caused by the local presence at a relatively shallow depth of the very conductive sulphides, such as pyrite/marcasite within the Pb-Zn ore. The manual auger drilling revealed that the presence of hematite, goethite, and Zn-bearing oxides had originated from oxidation of sulphides.
The 2D modelling of the resistivity and IP data evidenced and confirmed that this anomaly was unlikely to have resulted from the presence of two distinct vertical conductive lodes, but rather from a thin horizontal conductive structure of (here modelled at 4 m) having had the same conductive and chargeability properties, down to a 40 m depth (Figures 12 and 13 ). This lode was observed on the ERT Profiles 1 to 10 ( Figures 6 and 7) , but the connectivity between the two lodes was less obvious for the ERT Profiles 7 to 10, which explained the presence of the two separated lodes on the conceptual model ( Figure 14) . The Pb-Zn mineralization was probably also present in the Southern extension of the Poppelsberg East lode (3 in Figure 14 ). The geophysical signature was similar to the one in the mineralized area that was confirmed by drillholes, and mineralization was likely to occur in the extension of fault f4 (Figures 1 and 11 in Figure 14) . [54] . Inversion of the two parallel lodes model (2) and the horizontal lode model (3) are represented at (2 ) and (3 ), respectively. As seen in (2 ), the only presence of two conductive lodes, as supposed in the 3D model, cannot reproduce the low resistivity anomaly (1) . The presence of a horizontal conductive layer between the two vertical lodes (3) is more appropriate to explain the geophysical signature of (1). Figure 13 . 2D modelling of the IP data in the case of Profile 2 (1) with Res2DMOD [54] . Inversion of the two parallel lodes model (2) and the horizontal lode model (3) are represented at (2 ) and (3 ). As seen in (2 ), the presence of only the two conductive lodes, as assumed in the 3D model, cannot explain the low chargeability anomaly (1) . The presence of a horizontal conductive layer between the two vertical lodes (3) is more appropriate to explain the geophysical signature of (1). Figure 14 . Redrawing of the Pb-Zn lodes at the ground surface using geophysical survey information. Areas 1-3 represent possible extensions of the ore deposit according to geophysical investigation (geological map modified from Laloux et al. [30] ).
The location of the modelled Pb-Zn lode, based on the drilling information, could have been corrected using our interpretation of the ERT/IP and EM data. The emplacement of the Poppelsberg East lode was redrawn and the ore deposit extension was re-evaluated ( Figure 14) . In the Northern part of Poppelsberg East (1 on Figure 14) , the resistivity and IP tomography revealed the presence of a lode that could have been the result of an 'outpouring' of the Pb-Zn sulphides from the extensional fault, and not because of the presence of two vertical lodes (Figures 12 and 13 ). This phenomenon had been observed in many MVT ore deposits, such as in the Toussit-Bou Beker mining district (Marocco) [55] , in the Reocin deposit (Spain) [56] , in the Lisheen deposit (Ireland) [56] , and in the former Verviers synclinorium district [17] . The geophysical signal of this lode was similar to the one of the mineralized area that was shown by the drillholes.
The depth of investigation and precise shape of the mineralization were the limitations of the EM and electrical techniques that were used to fully characterize our deposit. The 3D inversion of the ERT data and the addition of prior information (physical properties of the ore) from the drillholes would have allowed the decreased artefacts and uncertainty of the inverted models and a better interpretation of the results. This work was in progress and results will be presented in a further paper. The extra gravity field measurements that were achieved on the Eastern lateral extension of the anomaly, coupled with a 3D gravity inversion, would have allowed verifying that the gravity anomaly was linked with the extensional faults hypothesis that was developed here. Further surveys would be undertaken in the near future.
Conclusions
Four geophysical techniques (ERT/IP, gravity, electromagnetic, and magnetic) have been applied on the top of the deposit of Lontzen/Poppelsberg, which was modelled in 3D using drillhole information. It allowed for the characterizing of the geophysical signature of the Pb-Zn deposit and to better target mineralization.
We report here low resistivity and high chargeability anomalies where borehole information intercepts the Pb-Zn sulphides mineralization. We interpret these anomalies as a result of the Fe-Pb-Zn sulphides, which compose the Lontzen-Poppelsberg mineralization. In addition to the borehole data, we supported our hypothesis by a forward modelling and inversion approach, which accounted for geological and borehole information. The conceptual model that results from the interpretation of the geophysical models consists in two main blocks that are separated by an extensional fault. A decreasing density of the Western block is the result of this fracturing and hides the presence of the Pb-Zn mineralization to the gravity survey. Although rarely observed [12, 13, 20] , Pb-Zn MVT mineralization may be of a conductive/chargeable nature because of the presence of pyrite/marcasite which is strongly associated with the Pb-Zn mineralization. The low amount or the absence of these iron-bearing sulphides that are described in boreholes can be evidenced by a (strong) decreasing of the observed conductive signal (Profiles 13 and 14, in Figure 6 ). The use of the electromagnetic method gives a strong response only in the Northern part of the Poppelsberg East lode. We have interpreted this signature with the presence of pyrite and marcasite with the sphalerite and galena. Where these iron-bearing sulphides are present in low amounts or absent in boreholes, such as in the Southern part of this lode, the EM response is not observed. In other parts of the prospected area, where the mineralization is nearly exclusively composed of sphalerite, no significant anomalies have been evidenced.
The magnetic survey wasn't efficient to detect the mineralization of Lontzen-Poppelsberg. This failure can be attributed to the absence of ferro-and paramagnetic minerals such as hematite, magnetite and pyrrhotite associated with the Pb-Zn mineralization.
In this case study, geophysics has allowed us to complete and improve the drillings-based 3D mineralization model. The interpretation of these results gave us a better qualitative estimation of the resources and the shape of the mineralization. The surface contour of the modelled lode has been redrawn, taking into account our interpretation of the geophysical signal, such as the presence of a massive conductive sulphide lode in the Northern part of the Poppelsberg East lode.
Despite the fact that the mineralogy of the Belgian MVT ore deposit is very variable from one deposit to another, this study of the Pb-Zn deposit of Lontzen-Poppelsberg could be used as a guide for the future geophysical exploration of the Belgian Pb-Zn deposits, so as to better target them and better understand their genesis. It could also be used in metallogenic research to better characterize the genesis of these deposits.
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